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Preface 

In  the  past,  free-air  standard  chambers  have  been  used  in  a  few  of  the 
national  standards  laboratories.  This  was  sufficient  for  the  need  at  that 
time,  for  these  chambers  are  principally  used  for  the  calibration  of  the  smaller 
clinical  and  field  instruments.  With  the  increase  in  radiation  therapy,  more 
and  more  of  the  national  laboratories  have  had  to  become  interested  in  the 
problem.  Also  many  industries  have  found  it  worthwhile  to  provide  such 
calibration  facilities. 

In  the  past  several  years,  some  of  the  larger  national  standards  laboratories 
have  intercompared  their  free-air  chambers.  Differences  between  the  chambers 
after  proper  corrections  are  applied  amount  to  the  order  of  0.5  percent.  In 
order  to  disseminate  the  information  obtained  during  these  calibrations  and 
during  the  evaluations  of  the  corrections  which  are  to  be  applied  to  their 
readings,  it  seemed  worth  while  to  incorporate  it  into  a  single  publication.  The 
present  report  depends  largely  upon  information  obtained  at  the  National 
Bureau  of  Standards,  but  includes  also  such  information  from  published  work 
of  other  laboratories  as  is  pertinent  to  the  problem. 

This  is  a  problem  that  is  of  interest  to  both  the  National  Committee  on 
Radiation  Protection  and  Measurements,  and  the  International  Commission 
on  Radiological  Units  and  Measurements.  The  authors  would  like  to  express 
their  gratitude  to  members  of  these  two  groups  who  have  read  the  manuscript 
and  have  given  them  the  benefit  of  their  criticisms.  In  this  regard,  the  authors 
wish  especially  to  thank  C.  Garrett  of  the  National  Research  Council,  Ottawa, 
Canada,  who  suggested  several  additional  topics  to  be  included  in  the  report. 

A.  V.  Astin,  Director. 
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Design  of  Free- Air  Ionization  Chambers 

H.  O.  Wyckoff  and  F.  H.  Attix 


General  design  characteristics  are  given  for  standard  free-air  type  ionization  chambers 
for  X-rays  from  50  to  500  kilovolts.  Included  are  the  plate-separation  requirements, 
elimination  of  electric-field  distortion,  data  on  air-attenuation  and  scattering  effects,  current 
measurement  techniques,  and  other  relevant  features. 


1.  Introduction 


The  roentgen  lias  been  used  for  many  years  as 
a  unit  of  X-ray  dose.  The  free-air  ionization 
chamber  is  the  instrument  employed  in  the  ex¬ 
perimental  realization  of  this  unit.  Until  recently, 
free-air-cliamber  installations  have  been  confined 
principally  to  some  of  the  national  standards  labo¬ 
ratories.  However,  a  number  of  other  laborato¬ 
ries  have  become  interested  in  setting  up  their 
own  primary  standards  for  measurement  in  roent¬ 
gens.  In  addition,  there  have  been  several  papers 
[1  to  7]*  pointing  up  small  errors  in  the  existing 
instruments. 

Generally,  such  primary  standards  are  used  only 
for  calibration  of  secondary  instruments  which 
have  greater  flexibility  for  field  use.  For  some 
applications,  such  secondary  instruments  should 
have  an  accuracy  of  perhaps  ±  1  percent.  Thus, 
it  is  desirable  that  calibration  of  such  secondary 
standard  instruments  be  reproducible  to  within 
1  percent  when  measured  by  the  various  primary 
standard  instruments  of  the  world.  As  the  cali¬ 
bration  of  secondary  instruments  in  terms  of  the 
primary  is  not  itself  without  some  experimental 
error,  it  is  necessary  to  know  the  over-all  errors 
of  the  primary  instrument  to,  say,  ±0.5  percent. 
Thus  all  of  the  factors  influencing  this  accuracy 
must  be  known  to  a  few  tenths  of  1  percent.  A 
review  of  the  design  criteria  and  of  their  absolute 
accuracies  therefore  seems  desirable. 

The  International  Commission  on  Radiological 
Units  and  Measurements  has  defined  [8]  the  unit 
of  X-ray  dose  as  follows:  “One  roentgen  is  an  ex¬ 
posure  dose  of  X-  or  gamma  radiation  such  that 
the  associated  corpuscular  emission  per  0.001293 
gram  of  air  produces,  in  air,  ions  carrying  1  electro¬ 
static  unit  of  quantity  of  electricity  of  either  sign.” 
According  to  this  definition,  a  measurement  of  the 
number  of  roentgens  requires  that  one  measure  all 
of  the  ionization  produced  in  air  by  the  high-speed 
electrons  that  are  themselves  produced  within 
the  defined  mass  of  air.  Real  difficulties  arise  in 
the  measurement  of  the  ionization  as  required  by 
the  definition,  so  the  principle  of  electronic  equi¬ 
librium  is  always  used  in  practice. 

According  to  the  principle  of  electronic  equilib¬ 
rium,  within  a  medium  under  uniform  irradiation 
the  ionization  produced  outside  of  a  specified  mass, 
m,  by  high-speed  electrons  generated  inside  m  is 
compensated  by  ionization  in  m  produced  by  high¬ 
speed  electrons  generated  outside  of  m  [9].  Elec¬ 


*  Figures  in  brackets  indicate  the  literature  references  at  the  end  of  this 
Handbook. 


trons  produced  out  to  a  distance  from  m  equal  to 
the  electron  range  thus  contribute  to  the  ionization 
in  m.  In  order  to  conform  to  the  definition  of  the 
roentgen,  it  is  obvious  that  the  ionization  produced 
by  the  scattered  radiation  from  this  region  must 
be  eliminated  in  the  measurement. 


Figure  1.  Growth  of  ionization  density  in  a  small  volume  of 
gas  from  an  initially  electron-free  beam  of  photon  radiation 
as  the  gas  is  surrounded  by  more  and  more  material. 
Electronic  equilibrium  is  said  to  exist  for  a  thickness,  A,  of  material. 

Figure  1  assists  in  picturing  this  electronic  equi¬ 
librium.  This  figure  indicates  the  ionization  den¬ 
sity  in  a  small  volume  of  gas  due  to  an  initially 
electron-free  beam  of  X-  or  gamma  radiation  as 
the  gas  is  surrounded  by  more  and  more  material. 
The  photon  beam  interacts  with  the  material  to 
produce  high-speed  electrons,  but  in  the  process 
is  itself  reduced  in  intensity.  These  two  compet¬ 
ing  mechanisms  cause  an  initial  increase  in  the 
curve  (due  principally  to  the  increase  in  the  num¬ 
ber  of  high-speed  electrons),  a  plateau,  and  finally 
a  decrease  (principally  due  to  the  decreased  in¬ 
tensity  of  the  photon  beam).  A  thickness  of  ma¬ 
terial  corresponding  to  A  in  figure  1  is  approxi¬ 
mately  equal  to  the  electron  range  in  the  material. 

Special  considerations  involved  in  applying  the 
idea  of  electronic  equilibrium  to  free-air  chambers 
will  be  brought  out  in  the  next  section. 

1.1.  Characteristics  of  Free-Air  Chambers 

While  free-air  chambers  of  different  detailed 
construction  have  been  made,  they  all  have  the 
general  characteristics  indicated  in  figure  2.  This 
is  a  plan  view  of  a  parallel-plate  ionization  chamber 
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like  the  ones  used  at  the  National  Bureau  of 
Standards  and  at  the  National  Physical  Labora¬ 
tory  in  Great  Britain.  Chambers  having  other 
electrode  configurations  are  also  used  as  standards 
in  other  laboratories.1  The  plate  system  is  con¬ 
tained  in  a  radiation-shielded  box.  A  known  area 
of  the  horizontal  X-ray  beam  is  defined  by  the 
diaphragm,  D,  so  that  a  beam  of  photons  passes 
centrally  between  the  plates.  A  high  potential 
(field  strength  of  the  order  of  100  v/cm)  on  plate 
H,  with  respect  to  the  other  plates,  sweeps  out  the 
ionization  produced  in  the  air  between  the  plates. 
The  ionization  is  measured  for  a  length,  L,  de¬ 
termined  by  the  limiting  lines  of  force  to  the  edges 
of  the  collector,  C.  These  lines  are  made  straight 
and  perpendicular  to  the  collector  by  the  guard 
plates,  G,  and  surrounding  guard  wires  or  strips, 
W.  The  latter  are  connected  to  a  resistance- 
dividing  network  to  grade  the  potential  uniformly 
across  the  gap  between  C  or  G,  and  H.  Generally, 
guard  plates  like  G  are  not  considered  necessary 
above  and  below  the  collector  because  there  the 
ionization  density  is  low. 

Ionization  is  collected  throughout  the  region 
enclosed  by  the  dashed  lines,  F.  Some  electrons, 
such  as  e^  having  paths  predominantly  perpendi¬ 
cular  to  the  X-ray  beam,  will  expend  their  entire 
energies  within  the  ion-collecting  region,  assuming 
the  plate  separation  to  be  sufficiently  large.  (Ac¬ 
tually,  of  course,  the  electron  paths  are  not 
straight  as  indicated.)  Others,  like  e2,  will  pass 
out  of  that  region  and  produce  ionization  where 
it  will  be  collected  on  one  of  the  guard  plates  and 
hence  will  not  be  measured.  Under  the  electronic 
equilibrium  condition,  this  ionization  loss  is  just 
compensated  by  the  contribution  of  other  electrons 
such  as  e3,  assuming  air  attenuation  of  the  primary 
beam  to  be  small.  Such  a  condition  can  exist  only 
if  the  two  ends  of  the  box  housing  the  chamber 
are  at  a  distance  (from  the  ion-collecting  region) 
greater  than  the  range  of  the  electrons  present,  or 
about  half  the  distance  required  for  plate  sepa¬ 
ration. 

Electrons,  like  e4,  resulting  from  scattered 
photons,  produce  ionization  which  is  not  included 
in  the  definition  of  the  roentgen,  as  these  electrons 
do  not  originate  directly  from  photons  collimated 
by  D.  Their  ionization  contribution  is  usually 
assumed  to  be  negligible.  In  large  chambers, 
however,  that  assumption  may  not  be  justified. 
On  the  other  hand,  the  presence  of  such  unwanted 
ionization  tends  to  compensate  for  ionization 
losses  due  to  insufficient  plate  separation. 

In  the  calibration  of  a  secondary  radiation 
instrument  by  a  standard  chamber,  a  substitu¬ 
tion  method  is  used.  The  dose  rate  is  determined 
from  the  measurements  of  the  ionization  in  the 
standard  chamber,  this  chamber  is  removed,  and 
the  secondary  instrument  is  placed  at  the  position 
formerly  occupied  by  the  aperture  of  the  standard 


1  The  advantages  of  the  various  kinds  of  configurations  are  discussed  by 
Rajewsky,  et  al.  [32], 


Figure  2.  Schematic  plan  view  of  a  parallel-plate  free-air 
chamber. 


chamber.  Therefore  it  is  necessary  to  compute  the 
dose  rate  at  the  aperture  of  the  standard  chamber. 
This  computation  requires  a  knowledge  of  the  I 
absorption  of  X-rays  in  the  air  between  the  aper¬ 
ture  and  the  weighted  positions  of  electron  pro¬ 
duction.  Thus,  for  the  X-rays  producing  electrons  1 
such  as  e3  (fig.  2),  the  absorption  is  less  than  for 
those  producing  electrons  like  ei.  However,  it  has 
been  shown  [5]  that  even  for  500-kv  X-rays  the  I 
contribution  of  electrons  like  e3  is  so  small  that 
the  effective  center  for  electron  production  is  j 
essentially  the  center  of  the  collector.  Therefore  ' 
the  air-absorption  correction  should  be  made  for 
the  distance  between  the  center  of  the  collector 
and  the  aperture. 

In  the  Swedish  type  of  free-air  chamber  [10], 
the  high-voltage  plate  is  a  cylinder,  and  the  second  > 
electrode  is  also  cylindrical  and  coaxial  with  it. 

A  central  portion  of  this  inner  electrode  serves  as 
collector.  The  diaphragmed  beam  passes  through 
the  chamber  parallel  to  its  axis  and  between  the  I 
center  and  outer  electrodes.  The  Kustner-type  ■ 
chamber  [11]  also  uses  an  outer  cylindrical  high- 
voltage  electrode.  However,  the  beam  passes 
along  the  axis  of  the  chamber  and  the  collector  i 
is  placed  between  this  radiation  beam  and  the 
outer  electrode. 

The  factors  that  must  be  investigated  for  the  I 
proper  design  of  one  of  these  chambers  include  (1) 
the  diaphragm  system,  (2)  the  effective  length  of 
the  region  of  ion  collection  as  it  is  distorted  by  ' 
variations  in  the  electric  field,  (3)  the  spacing 
between  the  beam  and  the  high-voltage  electrode, 
and  between  the  beam  and  the  collector  electrode, 
(4)  the  distance  between  the  diaphragm  and  the  > 
collector,  (5)  the  collecting  potential  required  in 
order  to  achieve  saturation  (i.  e.,  so  that  negligible  !' 
recombination  of  the  ionization  is  permitted),  (6)  j 
the  air  absorption  between  the  center  of  the  col-  ] 
lector  and  the  aperture,  and  (7)  radiation  shield¬ 
ing  of  the  box. 

In  the  present  report  information  is  collected 
on  the  above  design  factors  for  X-rays  of  60  to 
500  kv.  As  an  example  of  the  use  of  these  data,  I 
an  estimate  is  made  of  the  corrections  to  be  applied  : 
to  the  measurements  by  two  free-air  chambers.  ] 
This  is  compared  with  the  data  obtained  in  an  I 
experimental  intercomparison  between  the  chain-  1 
hers. 
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2.  Details  of  Chamber  Design 


2.1.  The  Defined  Mass  of  Air 

In  a  free-air  chamber  the  aperture  area  and 
the  length  of  the  collecting  electrode  (along  the 
beam  direction)  define  a  volume  of  air.  The 
definition  of  the  roentgen,  on  the  other  hand,  re¬ 
quires  measurement  of  the  ionization  per  mass  of 
0.001293  g  of  (dry)  air  (which  numerically  equals 
the  density  of  dry  air,  in  grams  per  cubic  centi¬ 
meter,  at  0°  C  and  760  mm  of  mercury).  Thus 
one  must  apply  suitable  corrections  to  the  ioniza¬ 
tion  measured  under  other  conditions  than  these, 
to  reduce  the  results  to  the  standard  conditions. 
For  ordinary  operating  temperatures  and  pres¬ 
sures,  the  perfect-gas  law  may  lie  used.  If  a 
unit  mass  of  air  is  defined  as  0.001293  g,  the  num¬ 
ber  of  unit  masses  of  air  in  a  given  volume  V 
(cm3)  equals 

273.2  PV  m 

T  760  1 


where  T  (in  degrees  Kelvin)  is  the  air  tempera¬ 
ture,2  and  P  (in  millimeters  of  mercury)  is  the 
pressure.  However,  air  usually  contains  water 
vapor.  As  the  electron  densities  of  air  and  water 
vapor  are  different,  the  density  must  be  corrected 
for  this  difference  if  absolute  determinations  to 
better  than  the  order  of  1  percent  are  desired. 
Furthermore,  the  energy  IF,  needed  to  produce  an 
ion  pair  in  water  vapor,  is  somewhat  less  than 
that  in  air.3  For  humid  air,  the  effective  number 
of  unit  masses  of  air  [12]  within  volume  V equals4 

273.2  (P-0.22>%PX)V  .  . 

T  ~  760  U 


where  Pi  is  the  vapor  pressure  of  the  moisture  in 
the  air  (in  mm  of  mercury) .  The  volume,  V,  is 
determined  for  a  free-air  chamber  by  the  product 
of  the  area  of  the  diaphragm  aperture  and  the 
effective  length  of  the  collecting  region  [13]  (see 
section  2.3.). 


2.2.  Diaphragm 


The  hole  in  the  middle  of  this  disk,  through 
which  the  X-rays  pass  into  the  box,  is  usually 
cylindrical  in  shape  because  of  the  ease  of  con¬ 
struction  and  measurement  (although  the  Kustner- 
type  chamber  sometimes  uses  a  crescent-shapecl 
aperture).  The  size  of  this  hole  is  arbitrary, 
although  certain  factors  should  be  considered  in 
making  a  choice. 

Too  small  a  hole  may  result  in: 

a.  Difficulty  in  machining. 

b.  Difficulty  in  accurately  measuring  the  area. 

c.  Criticality  of  alinement  with  the  X-ray  beam. 

d.  Excessive  secondary  radiation  from  the 
surface.5 * * * * 10 

Too  large  a  hole  may  cause: 

a.  Excessive  ion  recombination  at  a  given 
collecting  potential. 

b.  Attenuation  of  the  X-rays  in  the  guard  wires 
or  strips  on  the  front  of  the  plate  system.  (Re¬ 
moval  of  the  wires  or  strips  increases  field  dis¬ 
tortion.) 

c.  Increased  ionization  losses  due  to  inadequate 
plate  separation. 

d.  Nonuniformity  of  the  X-ray  beam  over  the 
area  of  the  hole. 

A  hole  of  the  order  of  1  cm  in  diameter  has  been 
found  to  be  adequate  for  the  energy  region  under 
consideration.  Holes  of  this  diameter  have  been 
produced  in  tungsten  alloy,  by  reasonably  careful 
shop  practices,  to  be  circular  and  of  uniform 
diameter  within  1  p,  over  a  length  of  1  cm. 

The  thickness  of  the  peripheral  region  of  the 
diaphragm  disk  should  produce  an  X-ray  attenua¬ 
tion  as  great  as  that  of  the  shielding  on  the  front 
of  the  box  (which  is  discussed  later).  The  attenu¬ 
ation  near  the  edge  of  the  hole  need  not  be  so 
great,  however,  because  the  thickness  necessary  to 
attain  this  attenuation  would  cause  the  alinement 
of  the  diaphragm  aperture  with  the  X-ray  beam 
to  become  unnecessarily  critical.  It  is  preferable 
to  taper  a  portion  of  the  aperture  (on  the  side 
away  from  the  X-ray  source)  in  the  manner  indi¬ 
cated  in  figure  3.  While  the  angle  of  taper,  6,  is 
not  critical,  it  should  be  chosen  small  enough  to 


Usually  the  diaphragm  consists  of  a  disk  of 
dense  metal  attached  to  the  front  of  the  box  in 
such  a  way  that  no  X-rays  can  leak  past  its  outer 
edge. 


2  Because  the  air  in  the  chamber  may  be  heated  slightly  by  the  resistors 
used  for  collector-field  uniformity  and  because  drafts  may  cause  temperature 
gradients,  the  air  temperature  should  he  measured  inside  the  box  itself. 

3  According  to  a  private  communication  from  G.  Failla,  TI'H2o=0.9IVair. 
This  value  has  been  assumed  here  in  weighting  the  effectiveness  of  the  water- 
vapor  electrons. 

4  In  addition,  for  low-energy  photons,  water  vapor  is  less  effective  in  pro¬ 

ducing  ionization  than  are  those  of  air  because  the  energy  absorption  coeffi¬ 

cient  for  air  is  greater.  Thus,  for  example,  at  50  kev,  the  energy  absorption 

coefficient  for  air  is  about  S  percent  greater  (per  electron)  than  that  for  HzO 

vapor.  At  room  temperatures  with  100  percent  humidity,  the  water  vapor 
electrons  constitute = 2  percent  of  the  electrons  present.  Therefore  the 
energy  absorbed  (and  thus  the  ionization)  is  about  0.2  percent  less  than  if 

the  same  number  of  electrons  of  dry  air  were  present.  At  kev’s  down  to 

10  kev,  this  remains  in  the  neighborhood  of  0.2  percent  (see  table  1  in  ref  [8]) . 
At  80  kev,  it  has  dropped  to  =0.1  percent,  and  at  100  kev  is  nearly  zero. 
Note  that  this  is  separate  from  the  effect  of  electron  density  which  we  have 
taken  into  account  already.  However,  the  relative  humidity  is  usually  50 
percent  or  less  in  order  to  secure  low  insulator  leakage.  Therefore  this  effect 
will  not  be  important  in  most  cases. 


5  Konig  [15]  has  shown  that  the  fractional  contribution  of  secondary  radia¬ 
tion  from  the  cylindrical  surface  of  the  aperture  is  inversely  proportional  to 
the  aperture  diameter. 


Pb  SHIELDING 
ON  FRONT  OF 


Figure  3.  DeUning  diaphragm  with  an  aperture  diameter, 
d,  and  taper,  8, 
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preserve  the  full  attenuation  over  most  of  the 
diaphragm  area  and  to  make  negligible  the  pene¬ 
tration  of  X-rays  through  the  edges  of  the  aper¬ 
ture  at  the  plane  of  definition  (i.  e.,  the  plane 
where  the  aperture  limits  the  solid  angle  of  X-rays 
passing  through).  6  must  be  large  enough,  how¬ 
ever,  so  that  the  plane  of  definition  does  not  shift 
to  the  rear  surface  of  the  diaphragm  for  the 
smallest  target-to-diaphragm  distance  to  be  em¬ 
ployed.  The  experience  at  the  Bureau  has  shown 
that  0=45°  is  adequate  for  the  energy  range 
under  consideration. 

Selection  of  the  depth  of  the  cylindrical  part  of 
the  aperture,  of  course,  depends  on  the  material 
used  in  constructing  the  diaphragm.  Gold,  lead, 
and  tungsten  alloy  (~89%  W,  7%  Ni,  4%  Cu) 
have  all  been  used  at  the  Bureau.  Aperture  areas 
in  diaphragms  of  gold  and  lead  have  been  found 
stable  to  within  0.1  percent  over  a  period  of  25 
years.  However,  these  materials  are  not  readily 
machinable  with  high  precision.  Tungsten  alloy 
machines  very  well  and  is  therefore  probably 
preferable.  Although  the  authors’  experience  with 
this  material  covers  only  a  3-vear  period,  it  has 
been  found  to  maintain  very  closely  its  dimensions. 

Temperature  coefficients  of  linear  expansion  lie 
between  5  and  20X10~6/°C  for  these  three  mate¬ 
rials;  thus  the  alteration  of  aperture  dimensions  by 
changing  temperature  is  negligible  for  temperature 
ranges  usually  encountered. 

Table  1  gives  the  narrow-beam  attenuation 
coefficients  for  the  above  tungsten  alloy,  for  mono¬ 
chromatic  irradiation.  Diaphragms  should  be 
designed  to  reduce  the  X-ray  penetration  (inte¬ 
grated  over  the  diaphragm  surface)  to  a  negligible 
fraction  (less  than  0.1  percent)  of  the  X-rays 
entering  the  box  through  the  aperture. 

Table  1.  Monochromatic  attenuation  coefficients  for 

narrow-beam,  conditions  in  tungsten  alloy  (~89%  W  +  7% 

Ni  +  4%  Cu) 


kev 

ntcrr1) 

50 

71.  2 

100 

66.  8 

150 

23. 1 

200 

11.6 

300 

4.  90 

400 

2.  96 

500 

2.  14 

A  second  diaphragm  located  some  distance 
behind  the  defining  diaphragm  (in  the  direction 
away  from  the  X-ray  source)  has  sometimes  been 
used.  This  is  intended  to  stop  X-rays  scattered 
from  the  first  diaphragm.  Measurements  at  the 
Bureau  have  shown  that  this  extra  diaphragm  is 
(a)  unnecessary  because  the  diaphragm  scatter 
and  fluorescence  amounts  to  only  a  few  hundredths 
of  1  percent  of  the  radiation  passing  through  the 
aperture,6  and  (b)  undesirable  because  the  presence 
of  a  scatter  diaphragm  increases  the  criticality  of 
the  beam  alinement. 

6  Konig  [151  indicates  that  the  scatter  from  a  1-cm-diameter  aperture  is 
about  0.3  percent  of  that  passing  through  the  aperture.  However,  much 
smaller  amounts  are  observed  at  the  Bureau. 


These  corrections  were  measured  by  a  method 
described  elsewhere  [3]  which  includes  any  wide- 
angle  scatter  from  the  diaphragm.  Measure¬ 
ments  of  G.  H.  Aston  [17]  also  confirm  that  the 
diaphragm  scatter  does  not  contribute  more  than 
0.1  percent  to  the  ionization  for  several  different 
types  of  aperture  construction  with  an  aperture 
diameter  of  approximately  1  cm.  The  alinement 
of  the  defining  diaphragm  with  the  X-ray  beam 
remains  somewhat  critical,  even  with  no  scatter 
diaphragm  present.  For  an  aperture  of  1  cm  in 
both  diameter  and  depth,  the  passage  of  X-rays 
from  a  target  62  cm  away  was  experimentally 
found  to  decrease  by  about  2  percent  when  the 
angle  between  the  aperture  axis  and  the  beam 
direction  was  changed  from  0  to  1.4  degrees.  Thus 
t  his  angle  must  be  reduced  to  a  few  minutes  of  arc 
if  the  error  is  not  to  exceed  0.1  percent. 

The  procedure  for  alining  the  diaphragm  with 
the  X-ray  beam  consists  of  two  steps: 

(a)  Placing  the  chamber  so  that  the  diaphragm 
is  located  approximately  at  the  center  of  the 
X-ray  beam. 

(b)  Orienting  the  chamber  so  that  the  axis  of 
the  diaphragm  aperture  is  parallel  with  the  rays 
passing  through. 

Step  (a)  can  be  conveniently  done  visually  with 
the  aid  of  a  fluorescent  screen.  Step  (b)  can  be 
accomplished  in  several  ways.  If  the  chamber 
enclosure  has  been  constructed  with  sufficient  care 
the  rear  exit  hole  will  be  concentric  with  the  axis 
of  the  diaphragm  aperture.  In  that  case  one  can 
place  crossed  wires  of  dense  material  (e.  g., 
tungsten)  over  the  exit  hole  and  observe  their 
X-ray  shadow  on  a  fluorescent  screen.  If  the 
geometrical  precision  of  the  enclosing  box  is  not 
sufficient  to  allow  this  procedure,  a  substitute 
diaphragm  of  brass  or  steel  can  be  constructed  for 
use  in  alinement.  This  should  be  made  with  a 
very  long  aperture  of  small  diameter,  thus  being 
much  more  critical  to  aline  than  the  regular 
diaphragm.  (This  need  not  be  the  same  diameter 
throughout,  but  can  be  made  as  a  tube  with  a 
small  aperture  at  each  end.)  Passing  X-rays 
through  this  diaphragm  and  observing  their 
image  on  a  fluorescent  screen  will  allow  the 
chamber  to  be  properly  alined  with  the  beam. 

2.3.  Field  Distortion 

The  length  of  the  collection  region  is  usually 
fixed  by  the  effective  7  collector  electrode  length 
and  by  assuring  that  the  limiting  lines  of  force 
between  the  collector  and  the  high-voltage  elec¬ 
trode  are  perpendicular  to  the  collector.  A 
similar  problem  has  been  solved  in  standard 
capacitor  design  by  the  use  of  guard  plates. 
However,  the  dimensions  of  the  electrode  system 
for  an  air  chamber  may  be  orders  of  magnitude 

7  The  gaps  between  the  collector  and  guard  electrodes  are  made  very  small 
«4 %)  118]  compared  to  the  collector  length,  and  the  effective  collector 
length  is  the  collector  length  plus  one-half  of  the  sum  of  the  two  gaps.  Note 
that  the  entire  parallel-plate  system  must  be  alined  parallel  with  the  X-ray 
beam,  to  avoid  cosine  errors  amounting  to  0.1  percent  for  2.5  degrees  of  angular 
misalinement. 


I 
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larger  than  for  a  capacitor.  The  proximity  of  a 
grounded  box  around  the  free-air  chamber  elec¬ 
trodes  tends  to  distort  the  electric  field;  however, 
it  is  important  to  make  the  box  as  small  as  possible 
i  to  minimize  its  weight  .  A  more  efficient  system 
than  simple  guard  electrodes  alone  is  therefore 
desirable.  Aluminum  guard  wires  [19],  guard 
rods  [20],  or  guard  strips  [5,  21,  22]  have  been 
employed.  For  parallel-plate  chambers  these  are 
located,  as  shown  in  figure  4,  at  the  periphery  of 
the  plate  system,  uniformly  spaced  between  the 
ground  and  high-voltage  plates,  and  parallel  to 
them.  Their  potentials  are  fixed  by  a  voltage 
divider  to  give  a  linear  gradient  between  the 
plates.  The  current  through  the  voltage  divider 
should  be  large  compared  with  the  ionization 
j  current,  but  not  so  large  that  the  power  dissipated 
within  the  box  is  excessive.  Power  dissipation  of 
the  order  of  a  few  tenths  of  1  watt  does  not  cause 
the  temperature  of  the  air  in  the  box  to  rise  appre¬ 
ciably. 


Figure  4.  Three  types  of  peripheral  electrode  systems  for 

guarding  the  electric  field,  in  a  parallel-plate  chamber, 

from  the  influence  of  the  grounded  enclosures. 

At  the  right  is  shown  the  double-wire  system.  Dashed  lines  indicate  the 
pairs  of  wires  at  the  same  electrical  potential,  fixed  by  the  linear  voltage 
divider.  At  left  are  shown  parallel  strips  and  T-section  electrodes.  An 
opening  must  be  left  for  the  X-ray  beam  to  pass  through,  to  avoid  attenua¬ 
tion  and  scattering.  Important  dimensions  are  lettered  for  reference  in  the 
text  (<  is  the  diameter  of  wire  or  thickness  of  the  strips). 

The  adequacy  of  the  guarding  is  sometimes 
determined  from  symmetry  considerations.  Fig¬ 
ure  2  assists  in  picturing  this  symmetry  for  parallel- 
plate  geometry.  The  lines,  F,  show  the  proper 
position  for  the  defining  lines  of  force.  Distortion 
of  a  grounded  box  would  produce  distortion  shown 
schematically  by  lines  F'.  If  the  box  is  placed  at 
the  potential  of  the  high-voltage  electrode,  the 
defining  lines  become  F".  For  symmetrical 
conditions  (i.  e.,  if  the  guard  electrodes  are  of  the 
same  length  and  the  box  is  the  same  distance 
from  each),  and  for  small  distortions,  the  reduction 
in  effective  collection  length  for  the  first  condition 
should  be  equal  to  the  increase  from  the  second. 
Thus  the  average  of  the  two  should  correspond  to 
a  measurement  made  with  an  undistorted  field. 


Figure  5.  Error  in  collecting  length  caused  by  field  distor¬ 
tion  in  a  two-dimensional  analog  of  a  parallel-plate  free- 
air  chamber. 

L  (fig.  4)  =  io  cm,  S=  40  cm,  D  and  G  variable.  The  data  are  for  double 
guard  wires  (solid  lines)  and  guard  strips  (dotted  line),  with  s= 2  cm,  w= 3 
cm,  and  <=0.5  mm. 


Figure  6.  Error  in  collecting  length  caused  by  field  distor¬ 
tion  in  a  two-dimensional  analog  of  a  parallel-plate  free- 
air  chamber. 

L  (fig.  4)  =  20  cm),  S=40  cm,  D  and  G  variable.  The  data  are  for  double 
guard  wires  with  s=2  cm,  w=3  cm,  and  <=0.5  mm. 


These  considerations  have  been  used  to  deter¬ 
mine  and  correct  for  field  distortion.  This  has 
been  done  with  actual  chambers  by  measuring 
ionization  under  the  two  conditions  of  box  poten¬ 
tial  [23]  and  has  also  been  used  in  a  resistance 
analog  method  [4]  for  determining  the  distortion 
in  two  dimensions  for  a  parallel-plate  system. 
Unfortunately,  the  two-dimensional  results  over¬ 
estimate  the  three-dimensional  distortion,8  but 
they  are  the  only  extensive  data  available  on  the 
subject.  Figures  5  and  6  show  the  distortion  for 

s  In  one  case  considered.  Miller  and  Kennedy  [4]  predicted  a  distortion  of 
about  1  percent  whereas  the  ionization  chamber  actually  indicated  an  error 
of  0.3  percent.  However,  when  the  third-dimensional  effect  was  eliminated 
in  the  ionization  chamber,  the  measured  distortion  error  was  0.7  percent— in 
fair  agreement  with  the  predicted  1  percent. 
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two-dimensional  conditions  with  double  wires  or 
strips.  The  two  wires  of  a  given  set  are  in  the 
same  plane  and  connected  electrically;  the  strips 
have  their  large  dimension  in  the  plane  parallel 
to  the  electrodes.  These  data  were  obtained  with 
a  plate  separation  of  40  cm  (S,  fig.  4),  with  2  cm 
(s)  between  adjacent  guard  wires  in  the  same  plane, 
with  3  cm  (w)  between  the  two  guard  wire  layers, 
and  with  guard  wires  of  approximately  0.5-mm 
diameter  ( t ).  The  strips  were  t = 3  mm  by  w=  2 
cm  in  cross  section.  Figure  7  shows  the  advan¬ 
tage  of  using  larger-diameter  wires.  The  distor¬ 
tion,  of  course,  is  unchanged  if  all  of  the  dimensions 
are  scaled  equally.  Guard  wires  may  be  necessary 
to  reduce  absorption  in  the  collimated  beam,  but 
the  more  efficient  guard  strips  should  be  used 
outside  of  this  region. 

In  the  design  of  a  parallel-plate  free-air  cham¬ 
ber,  it  is  recommended  that  the  field  distortion  be 
estimated  from  figures  5,  6,  and  7.  A  design 
should  be  chosen  so  that  the  two-dimensional 
distortion  is  less  than,  say,  0.5  percent.  The 
actual  distortion  should  then  be  determined 
experimentally  on  the  completed  chamber  from 
symmetry  considerations.  Generally  the  experi¬ 
mentally  determined  distortion  will  be  lower  than 
the  two-dimensional  estimate  and  independent 
of  photon  energy. 

In  addition  to  the  field  distortion  caused  by  the 
proximity  of  the  grounded  box,  there  are  at  least 
four  other  ways  in  which  field  distortion  can  arise. 

a.  Distortion  near  guard  wires  or  strips. 

The  guard  wires  or  strips  must  be  sufficiently 
far  from  the  collecting  region  so  as  not  to  individ¬ 
ually  distort  the  field  there.  In  one  particular 
arrangement  [24],  a  distance  of  about  10  times  the 
guard-strip  separation  seems  to  be  adequate. 
This  means  that  (G—  IF)  (fig.  4)  should  be  at 
least  10  times  s. 

b.  Misalinement  of  the  collector  plate  and  ad¬ 
jacent  guard  plates. 

For  a  parallel-plate  chamber,  these  plates  should 
be  coplanar.  If  they  are  not,  the  collector  will 
receive  too  much  ionization  if  it  projects  toward 
the  X-ray  beam,  or  too  little  if  it  is  recessed  be¬ 
hind  the  plane  of  the  guard  plates.  For  L=  10  cm 
and  g~ 0.0  mm,  the  error  in  ionization  current 
collected  is  approximately  0.1  percent  per  0.025 
mm-  of  misalinement.  This  was  found  to  be  inde¬ 
pendent  of  S  over  the  observed  range  of  6  to  10 
cm,  and  hence  may  be  assumed  to  be  caused  by  a 
local  field  disturbance  in  the  immediate  region  of 
the  junction  of  the  collector  and  guard  plates. 
The  magnitude  of  this  error  should  be  inversely 
proportional  to  L  for  a  constant  value  of  g,  and 
independent  of  the  potential  on  the  high-voltage 
plate. 

c.  Contact  potential  difference  between  guard 
plates  and  collector  electrodes. 

If  the  work  functions  of  the  surfaces  of  the  col¬ 
lector  and  guard  plates  are  appreciably  different, 
a  potential  difference  sufficient  to  distort  the  field 
will  result  across  the  gap  between  them.  The 


S  (fig.  4)  =40  cm,  L=10  cm,  G= 40  cm.  single  guard  wires  with  s= 2  cm. 


collector  will  receive  more  or  less  than  the  correctj 
ionization  current,  depending  on  the  polarity  of 
the  potential  on  the  high-voltage  plate.  This 
effect  has  been  observed  at  the  Bureau  even  when 
the  collector  and  guard  plates  of  an  experimental 
parallel-plate  chamber  were  of  the  same  material 
(aluminum).  Coating  these  plates  with  colloidal 
graphite  removed  the  effect,  which  was  causing' 
an  error  of  several  tenths  of  1  percent.  Most  of 
the  effect  disappeared  when  only  a  1-cm-wide  strip  1 
on  each  plate,  adjacent  to  the  gap,  was  coated, ' 
which  tends  to  confirm  further  the  nature  of  the  j 
effect  as  being  contact  potential  difference  be¬ 
tween  the  plate  surfaces  near  the  gap.  If  this 
error  is  present  in  a  chamber,  it  shows  up  as  a  j  » 
difference  in  the  measured  ionization  when  the  J 
polarity  of  the  potential  on  the  high-voltage  plate  1  ; 
is  reversed.  The  magnitude  of  the  error  is  re-  i  5 
duced  by  increasing  the  high-voltage  potential.  5 
Thus  for  sufficiently  high  potential  to  satisfy 
saturation  requirements,  the  contact  potential 
error  becomes  small  and  the  ionization  currents 
measured  with  the  two  polarities  approach  their  1 
average  value  [25]. 

d.  Externally  imposed  potential  dijference  be-  ' 
tween  collector  and  guard  electrodes. 

This  causes  distortion  similar  to  that  of  contact 
potential  difference  (see  section  3). 


2.4.  X-ray  Scattering  and  Electron  Losses 

The  collimated  beam  of  X-rays  within  the 
chamber  interacts  with  the  air  to  produce  high¬ 
speed  electrons  and  secondary  photons  (Compton 
and  fluorescent).  These  secondary  photons  may 
in  turn  produce  high-speed  electrons  within  the 
measuring  volume.  However,  a  measurement  in 
roentgens  requires  a  determination  of  the  ioniza¬ 
tion  from  the  high-speed  electrons  produced  by 
the  collimated  photons  alone.  Thus  it  is  well  to 
consider  separately  the  ionization  from  the  two 
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mechanisms  (electron  and  secondary  photon). 
Both  ionization  densities  are  functions  only  of  the 
radial  distance  from  the  photon  beam.9  However, 
the  gain  of  ionization  from  the  secondary  photons 
tends  to  compensate  for  the  loss  of  ionization  from 
the  high-speed  electrons  due  to  insufficient  plate 
spacing. 

Figures  8,  9,  and  10  show  the  percentage  of 
electron  ionization  loss,  Er,  beyond  a  radius,  r, 
from  the  photon  beam,  computed  for  a  zero 
diameter  of  beam  (air  at  26°  C  and  760  mm  Hg).10 
Figures  11,  12,  and  13  show  the  electron  contribu¬ 
tion  per  radius  increment,  AE/Ar,  at  different 
inner  radii.  Table  2  shows  the  unwanted  secon¬ 
dary  photon  contribution,  ST  (within  a  radius,  r), 
in  percentage  of  the  total  electron  contribution 
(i.  e.,  ionization  resulting  from  complete  utiliza¬ 
tion  of  the  electrons  produced  by  primary  photons). 

9  It  is  assumed  that  electronic  equilibrium  exists.  See  section  2.5  for  dis¬ 
tance  between  aperture  and  collector  for  electronic  equilibrium. 

i°  For  other  pressures  and  temperatures,  the  distances  given  should  be 
scaled  to  the  same  mass  of  air. 
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Figure  8.  Loss  of  electron-produced,  ionization  ( in  percent¬ 
age  of  total  electron  ionization)  beyond  different  radii  from 
a  zero-diameter  beam  of  constant  potential  X-rays. 

The  X-ray  potentials  were  60  and  75  kv  with  zero  added  filter,  100  kv  with 
1  mm  A1  added  filter,  150  kv  with  0.23  mm  Cu+1  mm  Al,  200  kv  with  0.5 
mm  Cu+1  mm  Al,  and  250  kv  with  1  mm  Cu+1  mm  Al.  The  X-ray  tube 
had  an  inherent  filtration  of  approximately  3  mm  Al. 


As  this  contribution  varies  very  slowly  with  the 
radius,  5-cm  increments  have  been  taken.  The 
secondary  radiation  contribution  is  also  for  a 
zero-diameter  beam.  The  use  of  these  data  to 
compute  the  ionization  excess  or  deficiency  for  a 
particular  design  is  illustrated  later. 


Table  2.  Secondary  photon  contribution 


Radius 

“  Secondary 

photon  contribution,  Sr 

60 

75 

100 

150 

200 

250 

300 

400 

500 

cm 

kv 

kv 

kv 

kv 

kv 

kv 

kv 

kv 

kv 

5 

0. 14 

0.  14 

0. 13 

0.  11 

0.  10 

0.09 

0.  08 

0.  06 

0.  06 

10 

.32 

.32 

.30 

.25 

.23 

.  21 

.  19 

.  17 

.  17 

15 

.  55 

.  55 

.  51 

.  44 

.40 

.  36 

.33 

.  29 

.29 

20 

.  79 

.  79 

.  74 

.63 

.  58 

.53 

.47 

.  42 

.  42 

25 

1.02 

1.02 

.  95 

.81 

.  75 

.  68 

.61 

.54 

.54 

30 

1.23 
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a  Percentage  of  total  electron  contribution  for  filtrations  listed  in  figures  8 
and  10. 


Figure  9.  Loss  of  electron-produced  ionization  (in  percent¬ 
age  of  total  electron  ionization)  beyond  different  radii  from 
a  zero-diameter  beam  of  constant  potential  X-rays. 

The  X-ray  potentials  were  100  kv  with  0.53  mm  Pb  added  filter,  150  kv 
with  1.53  mm  Sn+4.0  mm  Cu,  200  kv  with  0.7  mm  Pb+4.0  mm  Sn+0.59 
mm  Cu,  and  250  kv  with  2.7  mm  Pb+1.0  mm  Sn+0.59  mm  Cu. 
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ELECTRON  LOSS 


Figure  10.  Loss  of  electron-produced  ionization  ( in  percent¬ 
age  of  total  electron  ionization )  beyond  different,  radii  from 
zero-diameter  X-ray  beams  of  the  constant  potentials 
indicated. 

The  inherent  filtration  of  the  beam  was  approximately  3  mm  Cu. 


Figure  11.  Loss  of  electron-produced  ionization  per  centi¬ 
meter  for  the  indicated  constant  potential  X-ray  beams 
and  the  nitrations  given  in  figure  8. 


Figure  12.  Loss  of  electron-produced  ionization  per  centi¬ 
meter  for  the  indicated  constant  potential  X-ray  beams 
and  the  nitrations  given  in  figure  9. 


Figure  13.  Loss  of  electron-produced  ionization  per  5  cm 
for  the  indicated  constant  potential  X-ray  beams  and  an 
inherent  nitration  of  approximately  8  mm  Cu. 


2.5.  Aperture-to-Collector  Distance 

The  distance,  l  (fig.  2),  between  the  aperture 
and  the  front  edge  of  the  collector,  must  be  suffi¬ 
cient  for  electronic  equilibrium.  Figure  14  shows 
the  minimum  distance  required  for  electronic 
equilibrium  at  different  tube  potentials  with 
about  3  mm  of  copper  filtration,  as  determined 
experimentally  [5].  Also  shown  is  the  distance 
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Figure  14.  Criteria  for  electronic  equilibrium. 

Air  distance  required  for  electronic  equilibrium  (solid  curve)  and  radius  at 
which  primary  electron-produced  ionization  loss,  E„  is  just  compensated  by 
secondary  photon-produced  ionization  gain,  ST,  (dotted  curve)  for  X-rays 
having  approximately  3  mm  Cu  filtration. 


equal  to  that  radius  at  which  the  electron  ioniza¬ 
tion  loss  is  just  compensated  by  the  secondary 
photon  contribution,  Sr—ETl  which  has  been 
suggested  [5]  as  a  working  criterion  up  to  400  kv. 
It  is  evident  that  this  criterion  is  more  than  ade¬ 
quate  in  its  kv  range,  but  that,  l  should  be  at  least 
‘25  cm  with  450  kv  and  40  cm  with  500  kv.11 

2.6.  Losses  From  Ion  Recombination 

The  definition  of  the  roentgen  requires  that  all 
of  the  ionization  produced  by  electrons  originating 
in  the  defined  volume  be  collected.  As  the  collect¬ 
ing  potential  is  increased  from  a  very  low  value, 
the  ionization  current  collected  increases  rapidly, 
and  then  tends  to  level  off.  However,  it  does  not 
become  completely  independent  of  voltage  but 
rather  approaches  the  full  saturation  level  asymp¬ 
totically.  Hence,  it  is  necessary  to  establish  a 
practical  working  criterion  for  determining  the 
saturation  current  without  going  to  extremely  high 
collecting  potentials.  The  criterion  most  fre¬ 
quently  encountered  in  the  literature  is  simply  that 
the  voltage  be  large  enough  so  that  the  sensitivity 
of  the  electrometer  system  used  is  insufficient  to 
detect  any  voltage  dependence  of  the  current  as  the 
voltage  is  increased  further.  This  is  somewhat  in¬ 
determinate  unless  the  electrometer  current-sensi¬ 
tivity  is  further  specified  and  the  range  of  voltages 
given.  For  present  purposes,  one  might  make  use 
of  a  criterion  requiring  that  a  decrease  in  potential 
to  one-half  the  operating  potential  should  not  de¬ 
crease  the  ionization  by  more  than  0.1  percent. 
This  is  a  rather  stringent  requirement,  and  some¬ 
times  cannot  be  achieved  with  the  maximum  volt¬ 
age  available. 

There  is  some  evidence  [26]  that  a  plot  of  1/ 

11  Using  a  distance  of  29.5  cm  (where  S,=  Er)  instead  of  40  cm  would  cause 
an  error  of  approximately  0.3  percent. 


(ionization  current,  i)  versus  l/(collecting  poten¬ 
tial,  V  )  can  be  extrapolated  to  the  1/TT=0  axis  to 
obtain  the  full  saturation  current.  If  the  data  are 
carried  to  large  enough  potentials,  the  curve  will 
become  nearly  linear  12  and  the  extrapolation  there¬ 
fore  straightforward.  Of  course,  for  greatest  accu¬ 
racy,  the  free-air  chamber  should  be  operated  at 
sufficiently  large  potentials  so  that  the  extra¬ 
polation  does  not  exceed  a  few  tenths  of  1  percent 
in  ionization  current.  A  gradient  of  250  v/cm  has 
been  found  adequate  for  dose  rates  ordinarily  en¬ 
countered  (<(50  r/min)  and  with  an  X-ray  beam 
diameter  (at  the  collector)  of  about  1.6  cm.  De¬ 
creasing  the  beam  diameter  lowers  the  voltage 
required  to  achieve  a  given  degree  of  saturation, 
but  of  course  also  decreases  the  current  output  of 
the  chamber  for  a  given  dose  rate. 

It  will  be  useful  to  recognize  that  if  the  applied 
voltage,  say  Tq,  is  large  enough  so  that  T A/2  still 
lies  on  the  final  linear  portion  of  the  1  \i  versus  I  /  l ' 
plot,  then  the  decrease  in  l/i  observed  in  passing 
from  Fx/2  to  Id  should  equal  the  decrease  obtained 
by  extrapolation  from  Vt  to  T7=co.  Thus  the 
alternative  criterion  (requiring  that  halving  the 
voltage  should  not  decrease  the  current  by  more 
than  0.1  percent)  places  one  within  0.1  percent  of 
the  full  saturation  current,  which  can  then  be 
immediately  obtained  by  adding  the  observed 
decrease. 


2.7.  Air  Attenuation  Corrections 

As  indicated  in  the  discussion  of  figure  2,  the 
ionization  collected  is  a  measure  of  the  intensity  of 
the  beam  in  the  collection  region.  However,  it  is 
usually  desired  to  know  the  exposure  dose  rate  at 
the  diaphragm.  For  this  computation,  it  is  neces¬ 
sary  to  know  the  air  absorption  in  distance  d,  as 
has  been  mentioned  previously.  Figure  15  shows 
the  percentage  of  absorption  per  meter  experi¬ 
mentally  determined  for  X-rays  of  various  kilo- 
voltages  and  with  various  filtrations. 

12  Some  experimental  evidence  obtained  at  the  Bureau,  both  with  a  stand 
ard  free-air  chamber  and  a  cavity-type  chamber,  seems  to  verify  this. 


Figure  15.  Air  absorption  coefficient  for  constant  potential 
X-ray  beams. 

The  inherent  filtrations  are  3  mm  A1  (dot-dash  curve),  1mm  A1  (solid 
curve),  0.25  mm  Cu+1  mm  A1  (dotted  curve),  1  mm  Cu+1  mm  A1  (dash- 
dot-dot  curve),  and  a  total  filtration  of  approximately  3  mm  Cu  (dash  curve). 
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2.8.  Shielding  Against  Stray  Radiation 

A  shield  (box  of  fig.  2)  around  the  electrode 
system  is  used  to  reduce  stray  radiation  to  a  neg¬ 
ligible  amount  compared  to  the  radiation  admitted 
through  the  aperture.  While  the  radiation  beam 
that  strikes  the  front  of  this  box  is  generally  much 
smaller  than  the  area  of  the  front  face,  it  is  usual 
to  assume  that  the  entire  collecting  volume  (plate 
spacing  times  collector  height  times  collector 
width  in  a  parallel-plate  chamber)  13  can  produce 
ions  from  this  stray  radiation.  This  ionization 
must  be  a  negligible  amount,  that  is,  not  more 
than  0.1  percent  of  the  radiation  admitted  through 
the  aperture.  Thus  the  transmission  allowed  by 
the  shielding  in  the  front  of  the  box  must  not 
exceed  0.001  times  the  aperture  area  divided  bv 
the  product  of  the  plate  height  and  the  plate 
spacing.  Lead,  because  it  readily  absorbs  this 
radiation,  is  usually  used  for  shielding.  Figure  16 
[27]  gives  transmission  curves  for  the  X-ray  po¬ 
tentials  of  interest  here.  The  sides  and  back  of 
the  box  may  also  require  some  shielding.  It  is 
difficult  to  say  what  amount  of  scattered  radiation 
might  strike  these  surfaces,  but  if  no  other  data 
are  available,  one  may  assume  a  thickness  require¬ 
ment  equal  to  one-quarter  of  that  for  the  front 
face. 


'3  For  a  cylindrical  chamber,  the  collecting  area  is  essentially  the  cross- 
sectional  area  enclosed  by  the  outer  electrode. 


Figure  16.  Broad-beam  transmission  curves  in  lead  for 
constant  potential  X-ray  beams  with  an  inherent  nitration 
of  approximately  3  mm  Cu. 


3.  Current  or  Charge  Measurement 


Several  different  types  of  electrometers  have 
been  used  to  measure  the  ionization  current  or 
charge,  but  each  must  be  connected  and  operated 
in  such  a  way  as  to  maintain  the  collector  electrode 
at  very  nearly  the  same  potential  14  (usually 
ground)  as  the  guard  plates  [25],  As  pointed  out 
earlier,  this  requirement  on  the  potential  is  neces¬ 
sary  to  reduce  otherwise  excessive  field  distortion 
near  the  gap  between  the  collector  and  guard 
plates.  Thus  the  electrometer  itself  must  be 
sufficiently  sensitive  to  indicate  significant  differ¬ 
ences  of  potential  ( • — -0.1  v)  between  the  collector 
and  guards.15  Most  types  of  electrometers  ful¬ 
fill  this  requirement. 

Figure  17  shows  two  electrometer  circuits  used 
for  free-air  chamber  ionization  measurements  16 
[31].  Both  employ  the  electrometer  as  a  null 
detector,  making  a  voltage  calibration  of  its 
scale  unnecessary,  and  eliminating  the  collection 
of  charge  on  the  stray  capacitance  of  the  system. 

14  Some  electrometers,  such  as  the  vibrating-reed  type  made  by  Applied 
Physics  Corp.  of  Pasadena,  Calif.,  maintain  the  potential  of  the  collector 
plate  within  a  few  millivolts  of  zero  potential,  regardless  of  the  indication  of 
the  meter  on  the  electrometer. 

16  A  difference  in  potential  of  0.2  v  between  collector  and  guard  plates  in 
the  present  NBS  standard  chamber  has  been  observed  to  produce  an  error 
in  the  measured  ionization  of  about  0.1  percent  when  the  collecting  field  was 
of  the  order  of  100  v/cm. 

16  The.  potentiometer  connection  to  ground  shown  in  figures  17a  and  17b 
should  be  connected  instead  to  the  “G”  terminal  on  the  electrometer  if  the 
vibrating-reed  typeof  the  Applied  Physics  Corporation  is  used.  The  internal 
capacitor  C  „  of  this  electrometer  does  not  enter  into  the  calculation  of  current 
for  either  of  these  circuit  arrangements. 


The  electrometer  need  only  be  sensitive  enough 
to  allow  the  compensating  voltage  to  be  adjusted 
with  the  required  accuracy  (<[0.1  percent)  and 
to  fulfill  the  aforementioned  field  distortion  re¬ 
quirement. 

The  resistor  method  shown  in  figure  17a  con-  i 
tinuously  measures  the  instantaneous  current 


Figure  17.  Electrical  circuits  for  measuring  the  ionization 
current  vthile  maintaining  the  collector  electrode  near  zero 
potential  during  X-ray  exposure  by  means  of  the  electro¬ 
meter,  E. 
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from  the  chamber.  This  current  produces  a 
potential  drop  across  a  known  resistance,  and 
this  IR  drop  is  balanced  by  a  variable  voltage 
source.  In  order  to  obtain  the  required  accuracy, 

I  it  is  convenient  to  measure  the  balancing  poten¬ 
tial  with  a  potentiometer.  For  low  balancing 
voltages,  the  potentiometer  itself  may  serve  as 
the  voltage  source.  Note  that  the  ionization 
current  passes  through  the  variable  voltage  source 
on  its  way  to  ground;  hence  the  voltage  source 
must  have  a  very  small  resistance  compared  to 
that  of  the  calibrated  resistor. 

Most  resistors  now  commercially  available  have 
an  appreciable  voltage  coefficient  of  resistance 
[28]  and  sometimes  have  erratic  behavior  for  po¬ 
tentials  greater  than  1  v.  Therefore  it  is  wise 
to  use  several  different  resistors  and  a  small 


voltage  range  for  each,  rather  than  a  single  resistor 
and  a  large  range  of  voltage  to  cover  the  desired 
ionization  current  range.  Figure  18  shows  the 
design  of  a  convenient  resistor  “turret”  for  hous¬ 
ing  and  switching  a  series  of  12  resistors.  While 
this  turret  was  designed  for  use  with  a  particular 
electrometer,  the  design  may  be  adapted  readily 
to  other  types.  With  such  a  turret,  it  is  possible 
to  cover  adequately  5  decades  of  current  and  still 
keep  the  voltage  across  the  resistor  to  the  order  of 
1  v.  Even  the  best  of  commercial  resistors  now 
available  in  the  108-  to  1012-ohm  range  sometimes 
show  erratic  changes  in  resistance  of  as  much  as 
1  percent  [28].  While  these  can  be  calibrated  to 
the  order  of  0.1  percent,  frequent  checking  is 
required  to  maintain  that  accuracy.  Thus  this 
method  of  measuring  the  ionization  current  leaves 
something  to  be  desired. 
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Figure  18.  Sectional  view  of 
resistor  turret. 


Resistors  R  are  mounted  on  a  rotor 
which  can  be  lifted  and  turned  to  any 
one  of  12  positions.  The  resistor  assem¬ 
bly  is  housed  in  a  grounded  metal  case, 
A.  One  electrical  lead,  B,  connects  to 
one  end  of  each  of  the  resistors,  R,  by 
means  of  a  spring,  C,  and  metal  ring,  i). 
The  latter  is  insulated  by  I  from  the 
grounded  metal  axle,  11.  The  other  end 
of  each  resistor  is  insulated  by  J  from  the 
bottom  plate.  In  order  to  switch  to 
another  resistor,  the  arm,  L,  is  moved 
aside  so  that  the  resistor  assembly  can 
move  upward  in  the  housing,  A,  until 
the  bottom  plate  clears  the  fixed  pin,  P. 
The  resistor  assembly  is  then  rotated  un¬ 
til  the  arm,  M,  is  over  the  proper  resistor 
marking  on  A  and  the  assembly  is 
pushed  down  so  that  P  goes  through  the 
proper  hole  in  the  bottom  plate.  The 
assembly  is  locked  in  place  by  L.  Con¬ 
nection  to  the  resistor  is  made  through 
the  spring-loaded  pin,  F. 
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Figure  17b  shows  a  current-measuring  circuit 
incorporating  a  charge-compensating  capacitor 
for  maintaining  the  collector  at  ground  potential 
during  a  measurement.  This  method,  of  course, 
integrates  the  current  over  a  measured  time  in¬ 
terval.  Figure  19  shows  the  design  of  a  modified 
commercial  capacitor  which  has  been  found  to 
maintain  its  calibration  to  better  than  0.1  percent 
over  a  number  of  years.  The  connections  can  be 
modified  to  fit  the  electrometer  and  calibration 
device  with  which  the  capacitor  is  to  be  used.  In 
this  design  the  dielectric  is  air,  so  it  is  possible  to 
calibrate  such  capacitors  on  an  a-c  bridge  (oper¬ 
ating  at,  say,  1,000  cps),  which  is  usually  more 
convenient  than  a  d-c.  calibration.  Such  capac¬ 
itors  can  be  calibrated  readily  to  better  than  0.1 
percent  and  are  easily  removed  from  the  electrom¬ 
eter  for  recalibration  when  necessary.  Capac¬ 
itors  are  not  limited  to  such  small  voltages  as  the 


Figure  19.  Sectional  view  of  capacitor  for  charge  measure¬ 
ment. 

The  case  Is  to  be  grounded  during  use. 
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resistors.  Potentials  of  over  200  v  have  beert 
used  with  impunity. 

The  high-voltage  supply  used  for  the  collecting 
potential  must  be  sufficiently  stable  to  have  a 
negligible  effect  on  the  current  measurements 
made  with  the  electrometer.  The  severity  of  this 
requirement  can  be  judged  by  referring  to  figure i 
17.  Ci  represents  the  capacitance  between  the 
collector  and  the  high-voltage  plate.  For  a 
parallel-plate  arrangement,  if  the  collecting  plate 
has  an  area  of  a  cm2  and  is  separated  from  the 
high-voltage  plate  by  a  distance  S  cm,  the  capac¬ 
itance  between  the  two  is  approximately  0.0885 
(a/S)  ppi.  Thus  for  a  equal  to  200  cm2  and  S 
equal  to  20  cm,  the  capacitance  <°j  will  be  of  the 
order  of  1  upf.  C2  represents  the  stray  capacitance 
from  the  collector  and  its  connections  (including 
the  electrometer)  to  ground.  For  purposes  of 
illustration  this  can  be  taken  as  100  ppi,  although 
its  value  will  depend  strongly  upon  the  individual 
arrangement  of  conductors.  If  the  collecting 
potential  suddenly  fluctuates  by  an  amount 
AT/Tff,  the  collecting  electrode  in  figure  17a  will 
vary  in  potential  by  an  amount 

^Vc=~C~+C  ^  H>  (3) 

or  about  0.01  A  VH  in  the  example  given  above. 
Thus,  if  A V H  is  1  v,  the  electrometer  will  indicate 
a  fluctuation  of  about  0.01  v.  For  the  usual 
balancing  potentials  used  in  the  resistor  method 
(~1  v),  this  amounts  to  a  1  percent  fluctuation. 
If  such  fluctuations  occur  frequently  during  a 
measurement,  it  becomes  very  difficult  to  adjust 
V  to  the  proper  value  within  0.1  percent,  because 
the  nidi  position  of  the  electrometer  is  not  well 
defined.  As  the  collecting  potential  usually 
amounts  to  several  thousand  volts,  the  requirement 
that  it  be  stable  to  better  than  1  v  is  very  severe. 

The  charge-balancing  method  shown  in  figure 
17b  is  somewhat  less  restrictive  on  the  collecting 
potential,  because  C2  is  increased  by  the  addition 
of  the  compensating  capacitor  C.  This  usually 
has  a  value  of  several  hundred  ppf,  so  that  AT7C  is 
of  the  order  of  0.001  A  VH.  This  may  be  considered 
as  another  advantage  of  the  capacitor  method  over 
the  resistor  method.  Power  supplies  sufficiently 
stable  to  fulfill  this  requirement  are  available 
commercially.  An  alternative  method  for  com¬ 
pensating  for  the  voltage  fluctuations  rather  than 
eliminating  them  has  also  been  described  by 
De  Bitetta  [29], 

Because  of  the  small  order  of  magnitude  of  the 
currents  involved,  only  the  highest-quality  insu¬ 
lating  materials  are  suitable  for  supporting  the 
collector  electrode  and  insulating  the  connecting 
lead  to  the  electrometer.  The  insulator  surfaces 
must  be  dust-free  and  perfectly  clean  to  avoid 
leakage  troubles.  Amber,  polystyrene,  polyethyl¬ 
ene,  Teflon,  and  “Kel-F”  are  all  good,  although 
the  polyethylene  is  too  flexible  for  use  in  rigidly 
supporting  the  collector.  Polystyrene  is  usually 
cleaned  by  machining  but  the  other  materials  may 
be  cleaned  with  absolute  alcohol. 


4.  Examples 


In  order  to  test  the  over-all  adequacy  of  the 
lata  just  presented  and  to  provide  a  guide  for 
their  use,  it  is  worth  while  to  use  these  data  in 
letermining  the  corrections  to  be  applied  to  two 
chambers,  and  to  compare  these  corrections  with 
the  experimental  comparison  between  them.  For 
such  a  comparison,  it  is  well  to  consider  the 
ntercomparison  of  two  very  dissimilar  chambers 
?o  that  their  corrections  are  very  different.  The 
calibration  of  the  Swedish  portable  chamber  with 
the  NBS  standard  [7]  will  be  used  as  an  example. 
Figures  20  and  21  show  sectional  plan  views  of  the 
Swedish  and  NBS  chambers  respectively. 

The  dose  rate  of  an  X-ray  beam  for  saturation 
conditions  may  be  computed  from  the  equation 
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where 

A  is  the  area  of  the  defining  aperture  (in  cm2), 

L  is  the  collector  length  from  gap-center  to  gap- 
center  (in  cm), 
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T  is  the  temperature  of  the  air  in  the  collection 
region  (in  °K), 

P  is  the  pressure  of  the  air  in  the  collection 
region  (in  mm  Hg), 

Pi  is  the  pressure  of  water  vapor  in  the  collec¬ 
tion  region  (in  mm  Hg), 

K  is  the  algebraic  sum  of  the  deficiency  of 
electron  and  excess  of  secondary  ionization  collec¬ 
tion  (in  percentage  of  total  electron  ionization), 

H  is  the  air  absorption  coefficient  (in  m-1), 

d,  is  the  distance  from  the  plane  of  definition  in 
the  aperture  to  the  center  of  the  collecting  region 
(in  m), 

j  is  the  percentage  gain  of  ionization  due  to  field 
distortion, 

C  is  the  capacitance  upon  which  the  charge  is 
collected  (farad), 

A  V I  At  is  the  rate  of  change  of  the  balancing 
potential  on  the  charge-measuring  instrument 
(v/sec). 

The  two  chambers  were  set  up  on  a  track 
perpendicular  to  the  beam  so  that  each  could  be 
moved  in  turn  into  the  fixed  X-ray  beam.  The 
limiting  aperture  of  each  was  at  the  same  distance 
from  the  target  (approximately  1.5  m).  Each 
chamber  was  alined  visually  and  fluoroscopically. 
The  temperature  of  the  air  in  the  boxes  was 
measured  to  the  nearest  0.1°  C  during  the  inter¬ 
comparison.17  The  air  and  vapor  pressure  were 
assumed  to  be  the  same  during  the  measurement 
because  both  of  the  boxes  were  open  to  the  room 
ah.  Independent  comparisons  were  made  of  the 
capacitances,  C,  by  a  charging  method,  and  of  the 


Figure  20.  Sectional  view  of  Swedish  portable  free-air 
chamber. 


17  Differences  of  as  much  as  0.5°  C  were  observed  between  the  temperatures 
of  the  air  in  the  two  boxes  at  the  same  time. 
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Figure  21.  Sectional  view  of  NBS  free-air  chamber. 
The  collector  plate  height  is  26.8  cm. 
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diaphragm  areas,  A,  by  an  ionization  method  with 
one  of  the  chambers.  Tne  ratio  of  C’s  agreed  to 
within  0.02  percent  with  the  ratio  of  the  value 
certified  by  the  Swedish  laboratory  and  by  the 
Bureau.  The  ratio  of  A.’s  could  not  be  compared 
with  the  areas  computed  from  the  measured 
diameters  because  of  a  slight  coning  of  the 
Swedish  diaphragm.  Therefore  the  ionization 
ratio  was  accepted.  The  potentiometers  used  for 
measurement  of  AV  were  intercompared  and 
agreed  to  within  0.05  percent  throughout  their 
range.  The  values  of/  for  the  two  chambers  were 
determined  independently  by  ionization  means 
and  found  to  be  0.0  percent  for  both  the  NBS  and 
Swedish  chambers.  The  collecting  potential  for 
each  chamber  was  sufficient  for  saturation  within 
0.1  percent. 

The  ratio  of  the  calculated  dose  rates  for  the 
two  instruments  is 


(r/sec)s _ / SIbTbV  Tg\  /  100T AB\ 

(r/sec)B  vdsLs /\  TB)\  1 00  TAg  / 

/100+/bV Cs(AV/At)B\  (ds-tfB) 
V100+/sAC,b(AF/A0b/ 


(5) 


where  the  subscript  S  denotes  factors  lor  the 
Swedish  chamber  and  subscript  B  factors  for  the 
NBS  chamber.  As 


VB=  1-5678, 

Ala 


^2=0.5040, 

s 

ds—dB  =  0.447 — 0.308=0.139  m, 
^==0.20894, 

'  B 


100+/B 
1 00  +/s 


1.000, 


this  ratio  becomes 


(r/sec)s 

(r/sec)B 


=  0.16509 


~(TS\(  100  +  gB\ 
tJ\  ioo+a's  / 


/  (AV  jAt)a 
\(AV/At)B 


(6) 


It  is  instructive  to  consider  the  detailed  analysis 
for  the  K  of  one  of  the  chambers.  Such  an  analy¬ 
sis  is  facilitated  by  plotting  a  vertical  section  of 
the  collecting  region  on  polar  graph  paper.  The 
outline  of  the  collection  region  for  the  Swedish 
chamber  is  shown  by  the  full  lines  of  figure  22. 
The  dash  lines  show  the  boundary  circles  for  the 
computation.  It  is  seen  that  all  of  the  ionization 
within  a  6.3-cm  radius  is  collected,  but  also  that 
there  is  a  fraction  (fraction  of  360°),  F,  of  the 
ionization  collected  for  larger  diameter  rings.18 

18  The  ionization  lost  by  electrons  striking  the  collector  is  very  small,  but 
can  be  taken  into  account  by  discounting  the  volume  lying  behind  that 
electrode. 


Figure  22.  Section  through  collection  region  of  the  Swedish 
chamber. 


The  loss  of  electron-produced  ionization,  Er,  for  1 
5.8  cm  is  obtained  19  from  figure  8,  and  the  gain  of 
secondary  photon  ionization  from  table  2.  Table  j 
3  shows  the  numbers  obtained  for  250-kv  X-rays. 
It  is  seen  that  there  is  an  over-all  loss  of  electron 
ionization  of  1.19  percent  and  a  gain  of  secondary 
photon  ionization  of  0.20  percent.  Thus  the  I 
chamber  gives  about  0.99  percent  too  low  an  j 
ionization  collection  at  250  kv.  Table  4  sum¬ 
marizes  the  computation  of  K  for  the  two  cham¬ 
bers  at  the  different  X-ray  potentials  and  filtra-  ; 
lions.  It  is  seen  that  the  values  vary  slowly 
with  potential  so  an  interpolation  is  feasible.  ' 
Table  5  shows  the  values  of  (r/sec)g/(r/sec)B 
obtained  from  the  experimental  data  with  cor¬ 
rections  applied  as  indicated. 


Table  ,3.  Analysis  of  ionization  excess  in  Swedish  chamber 
for  250-kv  X-rays 


Radii 

F 

Er 

FEr 

Radii 

F 

Sr 

FSr 

Inner 

Outer 

Inner 

Outer 

CIV 

cm 

cm 

cm 

0 

5.  8 

1 

-2. 15 

-2. 15 

0 

5 

1 

0. 09 

+0. 09 

5.8 

6.  8 

0.8 

0.55 

+0.  44 

5 

10 

0.  7 

.  12 

+.08 

6.  8 

7.  8 

.  0 

.37 

+  .  22 

10 

12.3 

J2 

.  15 

+.03 

7.  8 

8.  8 

.  5 

.28 

+  .14 

— 

8.8 

9.8 

.4 

.20 

+.08 

+0.  20 

9.8 

10.8 

.  3 

.  18 

+  .05 

10.  8 

11.  8 

.  2 

.  12 

+  .02 

11.8 

12.3 

.  1 

.  10 

+  .01 

-1.19 

K=FEr  +  FSr 
A'=-l.  19+0.  20 
K=  -0.  99 


19  The  beam  radius  of  0.5  cm  must  be  subtracted  from  the  radii  of  figure  22 
when  determining  values  of  E,  and  Sr. 

|  | 
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Table  4.  Values  of  K 


Table  5.  Comparison  of  free-air  chambers,  {if  sec)  sKr/sec) 


Chamber 

60  kv 

75  kv 

100  kv 

150  kv 

200  kv 

250  kv 

Swedish 

+0.  32 

+0. 32 

+0. 20 

-0.  30 

-0.  74 

-0.  99 

NBS _ 

+.  44 

+  .  44 

+.42 

+.  23 

-.04 

-.20 

60  kv 

75  kv 

100  kv 

150  kv 

200  kv 

250  kv 

0.995 

0.  992 

0.995 

0.  994 

0.996 

0.  997 

5.  Accuracy  of  Free-Air  Chamber  Measurements 


One  can  estimate  the  accuracy  with  which  a 
measurement  with  a  free-air  chamber  can  be  made 
by  estimating  the  accui'acy  of  each  of  the  factors 
involved.  Table  6  shows  the  estimates  given  by 
the  International  Commission  on  Radiological 
Units  and  Measurements  [8].  If  all  of  these  fac¬ 
tors  act  in  the  same  direction,  it  is  possible  for  an 
error  of  as  much  as  ±1.1  percent  to  exist  in  a 
measurement.  This  is  an  unlikely  occurrence, 
however,  and  the  probable  limit  of  the  error  is 
about  ±0.5  percent. 

The  ICRU  has  also  estimated  that  two  free-air 
chambers  when  checked  against  each  other  should 
certainly  agree  to  within  0.9  percent,  and  that 
when  two  chambers  are  compared  through  an 
intermediary  free-air  chamber,  one  should  expect 
an  agreement  to  within  1.2  percent  maximum. 
The  Swedish-NBS  calibration  just  described  falls 
well  within  the  0.9  percent.  The  Swedish  cham¬ 
ber  has  also  been  calibrated  at  Frankfort  [30]  and 
the  proper  corrections  applied  [17],  While  the 
NBS  Frankfort  calibrations  were  not  performed  at 
exactly  the  same  radiation  quality,  there  seems  to 
be  an  agreement  of  within  0.5  percent.  Thus,  the 
absolute  determination  of  the  roentgen  can 


probably  be  made  to  an  accuracy  somewhat 
better  than  that  given  in  table  6. 


Table  6.  Experimental  maximum  error  for  quality  range 
of  50  to  500  lev  ( constant  potential) ,  and  nitrations  of  2  mm 
A1  and  3  mm  Cu  respectively 


Experimental  factor 

Estimated  max¬ 
imum  error 

Charge  (assumed  measured  by  accurate  potenti¬ 
ometer  and  capacitor  using  electrometer  as  a 
null  detector). _  .  _  . . 

Percent 

±0. 1 

Air  volume  (includes  errors  in  diaphragm  area, 
collecting  plate  alinement,  and  field  distortion 
resulting  from  other  causes)  ...  _  .  _  _ 

±.3 

Air  density  (includes  pressure  and  temperature 
measurements) _  _  .  _  ...  _  _ 

±.  1 

Humidity  of  the  air  (includes  measurement  of  the 
humidity  and  the  effect  of  a  slightly  different 
value  of  the  average  energy  per  ion  pair  (It’)  for 
water  vapor) _  .  .  .  _  _ 

±.l 

Saturation  of  ion  collection  .  .  .  _  . 

±.  1 

Scattering  of  X-rays  by  air  in  the  chamber _ 

±.  1 

Inadequacy  of  plate  separation  for  electron  path 
length...  _  _  _ 

±.l 

Air  attenuation  between  diaphragm  and  collector.  _ 

±.2 
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